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ABSTRACT
Dispersal is a process of central importance for the ecological and evolutionary dynamics of populations and communities,
because of its diverse consequences for gene flow and demography. It is subject to evolutionary change, which begs the
question, what is the genetic basis of this potentially complex trait? To address this question, we (i) review the empirical
literature on the genetic basis of dispersal, (ii) explore how theoretical investigations of the evolution of dispersal have
represented the genetics of dispersal, and (iii) discuss how the genetic basis of dispersal influences theoretical predictions
of the evolution of dispersal and potential consequences.
Dispersal has a detectable genetic basis in many organisms, from bacteria to plants and animals. Generally, there is
evidence for significant genetic variation for dispersal or dispersal-related phenotypes or evidence for the micro-evolution
of dispersal in natural populations. Dispersal is typically the outcome of several interacting traits, and this complexity
is reflected in its genetic architecture: while some genes of moderate to large effect can influence certain aspects of
dispersal, dispersal traits are typically polygenic. Correlations among dispersal traits as well as between dispersal traits
and other traits under selection are common, and the genetic basis of dispersal can be highly environment-dependent.
By contrast, models have historically considered a highly simplified genetic architecture of dispersal. It is only recently
that models have started to consider multiple loci influencing dispersal, as well as non-additive effects such as dominance
and epistasis, showing that the genetic basis of dispersal can influence evolutionary rates and outcomes, especially
under non-equilibrium conditions. For example, the number of loci controlling dispersal can influence projected rates
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of dispersal evolution during range shifts and corresponding demographic impacts. Incorporating more realism in the
genetic architecture of dispersal is thus necessary to enable models to move beyond the purely theoretical towards
making more useful predictions of evolutionary and ecological dynamics under current and future environmental
conditions. To inform these advances, empirical studies need to answer outstanding questions concerning whether
specific genes underlie dispersal variation, the genetic architecture of context-dependent dispersal phenotypes and
behaviours, and correlations among dispersal and other traits.
Key words: dispersal kernel, eco-evolutionary models, gene flow, genetic architecture, genotype–environment
interactions, heritability, life-history traits, migration, mobility, movement.
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I. INTRODUCTION
Dispersal is any movement of individuals or propagules
that has potential consequences for gene flow across space
(Ronce, 2007; Appendix I). Dispersal has a central role in
life history and its evolution is fundamental in determining
the consequences of land use change, habitat degradation,
and climate change for species persistence, or a species’
invasive potential (Clobert et al., 2012; Travis et al., 2013a).
Whether or not, and how far, an organism moves between
the place of its birth and reproduction can be the target of
intense selection (Ronce, 2007). However, any evolutionary
change in dispersal ability will occur only if the underlying
traits (see Appendix I) have a heritable component (Falconer
& Mackay, 1996; Lynch & Walsh, 1998; Danchin et al.,
2011). The speed of the evolutionary change will depend
on the underlying genetic architecture (Orr, 2005; Richards,
Bossdorf & Pigliucci, 2010; MacKay et al., 2012), the dispersal
trait’s genetic variance, and its covariance with other traits
that may be under selection (Appendix I).
Dispersal is a complex and multidimensional phenotype,
which makes describing its genetic basis highly challeng-
ing (see online Table S1). Dispersal comprises departure
(initiation to leave the natal habitat), transfer (movement),
and settlement (establishment in the novel breeding habitat),
and often involves multiple morphological, physiological and
behavioural traits (Clobert et al., 2009). Further, departure
and transfer can be actively undertaken by the organism
or vectored by other abiotic or biotic agents, and in most
cases even vectored dispersal is influenced by morphological,
physiological or behavioural adaptations (Bonte et al., 2012),
potentially leading to ‘dispersal syndromes’ (Appendix I)
(Clobert et al., 2009). In actively dispersing organisms, an
individual’s ability or capacity to move is often related to
its morphology, size or endurance, although high move-
ment abilities only lead to dispersal when individuals have a
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propensity to disperse. Dispersal may be the result of a ‘ded-
icated behaviour’, the main function of which is to disperse;
or it may occur as a by-product of other movements, such
as foraging or mate searching (Van Dyck & Baguette, 2005;
Burgess et al., 2015; Bonte & Dahirel, 2017). While some
species show a recognizable locomotory or behavioural ‘dis-
persal morph’, which allows a more accurate quantification
of dispersal [see Zera & Denno, 1997 for a review], in most
species dispersal traits show continuous phenotypes, and
hence are more difficult to quantify. Passive dispersal has
the added complexity of dispersers being vectored by agents
such as animals, wind, water or gravity, with the eventual
dispersal process resulting from the interaction between the
vector and individual traits (Cousens, Dytham & Law, 2008).
Seed dispersal by wind, for example, depends on the overall
size of the plant, including height of seed release, and on the
seed size and morphology (e.g. presence of plumes or wings;
Soons et al., 2004; Thomson et al., 2010). Seed dispersal by
animals is affected by traits such as plant height and the seed’s
adhesive structures (Albert et al., 2015), while fruit placement,
size, colour and nutritional content affect their attractiveness
to potential frugivorous dispersers (Russo, 2003; Loma´scolo
et al., 2010). Passive dispersal and phoretic (transport of one
species by another) behaviour is also found in animal taxa
(e.g. Houck & O’Connor, 1991). Whether active or passive,
dispersal is often correlated with other key life-history charac-
teristics, such as morphological characteristics or reproduc-
tive traits (Stevens et al., 2012, 2014; Bonte & Dahirel, 2017),
resulting in the potential for trait co-evolution if the correla-
tions are genetic. Additionally, environmental conditions can
strongly impact dispersal. For example, dispersal propensity
may be affected by population density (Bowler & Benton,
2005; Matthysen, 2005), and wind force affects seed dispersal
distances (Greene, 2005). Understanding whether different
genotypes are differently influenced by environmental con-
ditions – i.e. genotype–environment (G × E) interactions
(Appendix I) – is also important (e.g. Donohue, Polisetty
& Wender, 2005; Sinervo et al., 2006; Ducatez et al., 2012;
Pennekamp et al., 2014; Cote et al., 2017a).
How do evolutionary models of dispersal deal with this
complexity? There are two main categories of dispersal
models: theoretical ecological and/or evolutionary models
that aim at a general understanding of the causes and
consequences of dispersal, and taxon-specific predictive
models. While the vast majority of models of dispersal fall
into the former category, the latter approach is mostly used
for tactically describing movement in a specific ecological
context (e.g. spread of invasive species, species range shift;
see online Table S2 and do not usually consider evolution.
In models that do consider evolution, the genetic basis
of dispersal is usually kept as simple as possible: a typical
assumption is a single locus affecting a single, broadly defined
trait related to dispersal (e.g. dispersal propensity, shape of the
dispersal kernel, environmentally cued rules for individual
departure and settling; see online Table S2). Hence, a
critical question is whether the accumulation of empirical
information about genetic architectures for dispersal should
result in new approaches to modelling dispersal evolution,
and whether this increased complexity matters.
Our goal in this review is twofold. First, even though
several reviews already exist on different aspects of the
genetics of dispersal (e.g. Gatehouse, 1989; Wheat, 2012;
Zera & Brisson, 2012; Dingle, 2014; see also reviews on the
genetics of other movement types: Pulido, Berthold & van
Noordwijk, 1996; van Noordwijk et al., 2006; Pulido, 2007;
Dingle, 2014), we review current knowledge across different
taxa. We focus on inferences of the genetic basis of dispersal
using direct estimates of their heritability or population
genetic variance, comparisons of dispersal traits among
populations, and genetic correlations/covariances between
dispersal traits (Appendix I) and other traits. Our perspective
is on the genetic architecture of dispersal components, which
has not been reviewed previously, and we review the few
cases in which loci influencing dispersal have been identified.
Second, we review current theory on dispersal evolution.
Specifically, we review how genetics have been accounted
for in existing models, which to date have almost exclusively
been developed to provide qualitative, theoretical predictions
on dispersal evolution, and we discuss how predicted
evolutionary outcomes may depend on assumptions about
dispersal genetic architecture. Finally, we present results
from a new model that we developed to illustrate how the
evolution of dispersal probability in a fragmented landscape
depends upon the underlying genetic architecture.
II. EMPIRICAL EVIDENCE FOR THE GENETIC
BASIS OF DISPERSAL
We carried out an extensive literature search using the Web of
Science (WOS) database (see online Appendix S1: Methods).
We targeted not only dispersal traits sensu stricto (such as
distance covered or propensity to leave a patch), but also
dispersal-related traits such as locomotory capacity or wing
morphology that may serve as proxies for dispersal. We
selected papers from the search results on the criteria that
the study dealt strictly with (i) assessing the existence of the
genetic basis/variation of dispersal traits, or (ii) estimating
the heritability values of dispersal and related traits, or
(iii) determining their genetic architecture. We moreover
reviewed studies on evolutionary responses of dispersal traits
to environmental changes or on population differentiation
in dispersal. We also collected information on whether
dispersal traits are correlated with each other or with other
traits, whether due to chromosomal linkage or pleiotropy
(Appendix I), with the aim to determine whether dispersal
can be a direct target of natural selection, whether it can
evolve via selection on correlated traits, or both.
(1) Heritability of dispersal and dispersal-related
traits
The most straightforward approach to investigating the
genetic basis of phenotypes is to measure their heritability (h2;
Biological Reviews (2017) 000–000 © 2017 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.
4 M. Saastamoinen and others
Appendix I). In animals, heritability of dispersal-related traits
has been estimated in diverse taxa, from aquatic invertebrates
to mammals (see online Table S1). However, as pointed out
in previous reviews of dispersal (e.g. Zera & Brisson, 2012;
Dingle, 2014), the literature on heritability estimates remains
somewhat unbalanced, with most studies focusing on birds
and insects. For mammals, fish, amphibians and reptiles,
few studies are available, and information on invertebrates
other than insects was almost absent. Heritability estimates
of dispersal-related traits in the two best-represented animal
taxa (birds and insects) range from 0 to 1, with average values
of 0.35 for both. Most studies – with the exception of those
on birds – did not quantify dispersal distance or propensity
per se but used proxies related to movement ability during the
transfer stage of dispersal, such as flight capacity in insects,
and speed or locomotion performance in fish and reptiles
(e.g. Garland, 1990; Robertson et al., 2002; Zera & Brisson,
2012; Drangsholt, Damsgard & Olesen, 2014; Mattila &
Hanski, 2014; see online Table S1). Morphological traits are
also often used as proxies of dispersal. Examples of such traits
in insects include thorax ratio, wing shape, and wing muscle
strength (e.g. Van Dyck, Matthysen & Wiklund, 1998; Roff
& Bradford, 1998; Keena, Grinberg & Wallner, 2007; Zera
& Brisson, 2012; see online Table S1).
Very few animal studies have estimated the heritability
of traits related to stages of dispersal other than transfer.
A notable exception is pre-dispersal behaviour in arachnid
species (Bonte, Bossuyt & Lens, 2007; Nachappa et al., 2010;
see online Table S1). Most other estimates of heritability that
are related to departure or settlement stages are from bird
species, with h2 reported for the propensity to leave the natal
area, distance moved to the breeding site, and/or habitat
choice in the settlement phase. We found 11 examples in bird
species with estimates of h2 significantly greater than zero in
at least one of these traits, and five in which h2 was reported
to be non-significant (see online Table S1). Examples of
very high estimates are h2 = 0.95 for propensity to leave
the natal population in western bluebirds, Sialia mexicana,
based on an Animal Model analysis (Duckworth & Kruuk,
2009), and h2 = 0.86 for natal dispersal estimated from
mother–daughter regression in the wandering albatross,
Diomedea exulans (Charmantier et al., 2011). Other studies
report modest heritabilities, such as h2 = 0.15 for dispersal
distance in great tits, Parus major (Korsten et al., 2013). Few
studies have published heritability estimates for traits related
to the settlement phase of dispersal (see online Table S1).
Most that do pertain to conspecific attraction (Møller, 2002;
Serrano & Tella, 2007; Roche, Brown & Brown, 2011),
and one pertains to heterospecific attraction (Wheelwright,
Lawler & Weinstein, 1997).
In plants, significant among-family variance and
heritability have been documented in a number of
dispersal-related traits, mostly in annual herbs and crop
species (see online Table S1). Some species of the
Brassicaceae family, such as the rapeseed (Brassica napus)
show high levels of heritability in pod shatter resistance
that varied from h2 = 0.85 to 0.92 (Liu et al., 2016). Pod
shatter resistance is a trait under strong selection in cereal
crops, such as rice (Oryza sativa) (Konishi et al., 2006) and
soybean (Glycine max (L.) Merr.) (Dong et al., 2014) because it
prevents seed dispersal and, therefore, the loss of grains in
terms of yield. High heritability values were also recorded
for a diverse array of traits in the spikelets of a grass species
Brachypodium hybridum (see online Table S1). On average
these traits showed h2 = 0.54, with values ranging from
0.86 (average number of seeds per spikelet) to 0 (average
length of inflorescence) (Neji et al., 2015). The heritability
of dispersal-related traits in wild species has been scarcely
documented, but studies show that broad-sense heritability
of achene and capitulum traits range from h2 = 0.4 to
0.8 in Heterosperma pinnatum (Venable & Burquez, 1989)
and that the narrow-sense heritability of the proportion
of achenes that disperse in Crepis sancta is greater than
h2 = 0.2 (Imbert, 2001). The narrow-sense heritability of
dispersal-related traits measured in the panicle of the canary
grass (Phalaris aquatic), an invasive species in native grassland
across California, show values above h2 = 0.5 (Kelman &
Culvenor, 2003). Another example of a passively dispersed
species shows that heritability is environment-dependent.
For example, in Arabidopsis thaliana, Donohue et al. (2005)
quantified broad-sense heritability estimates of fruit and
plant architectural traits associated with dispersal, based on
genetic differences among ecotypes. The values ranged from
h2 = 0 to 0.7, depending on the trait and the environment
in which the trait was measured. The heritability of aspects
of seed dispersal patterns per se under controlled conditions
ranged from h2 = 0.01 to 0.4 (Donohue et al., 2005), and
were strongly dependent on how dispersal-related traits of
maternal plants responded to density (Wender, Polisetty &
Donohue, 2005). Furthermore, some studies that investigate
seed dispersal by tropical vertebrates have shown moderate
values of broad-sense heritability in natural populations.
Wheelwright (1993) reported h2 = 0.6 for seed diameter in
the sweetwood tree (Ocotea tenera), and Galetti et al. (2013)
quantified h2 = 0.35 for seed size in Euterpe edulis, a keystone
palm species.
What have we learned from these studies? While there are
many examples of heritability estimates for putative proxies
of dispersal and movement ability in general, heritability
estimates for specific traits involved in the entire process
of dispersal, such as propensity to leave the natal patch or
distance travelled between sites, are very rare and would be
important to target for future studies. Birds are the most
broadly studied taxon in this regard, as the heritability of
dispersal has been studied in multiple species in free-living
conditions. These studies are based on marked individuals
of known relatedness, in one case combined with in situ
cross-fostering (Roche et al., 2011). Until recently most
studies were based on parent–offspring or sibling similarities,
but several analyses have now been published based on
Animal Models (Appendix I) that make use of complete
pedigree information (Duckworth & Kruuk, 2009; Korsten
et al., 2010; Charmantier et al., 2011; Doligez et al., 2012).
Parent–offspring and sib–sib analyses typically yield higher
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heritability estimates than Animal Models (McCleery et al.,
2004; Charmantier et al., 2011; Doligez et al., 2012), due to
maternal and common environment effects (van Noordwijk
et al., 2006; Zera & Brisson, 2012). Further, heritability
estimates may also be inflated by biases in detectability
due to limited study areas (van Noordwijk, 1984; Doligez &
Pa¨rt, 2008) and to more numerous social interactions among
siblings synchronizing their movements (Matthysen, Van de
Casteele & Adriaensen, 2005; Cote et al., 2017b). As a whole,
heritability studies suggest that variation in dispersal can
arise as a result of additive genetic variation, but also that in
many cases much of the phenotypic variation is explained by
environmental variation, including transgenerational effects
(Appendix I). Recent work, for instance, has demonstrated
strong epigenetic signals in dispersal propensity (van Petegem
et al., 2015). Furthermore, similarity in dispersal phenotypes
among related individuals may be caused by (maternally
transmitted) symbionts or parasites (Goodacre et al., 2009;
Debeffe et al., 2014).
(2) Genetic architecture of dispersal
A fundamental question regarding the evolution of any
trait is whether the trait’s heritable variation arises from a
single gene, a few genes (each of large effect, oligogenic), or
many genes (each of very small effect, polygenic; Appendix I)
(Mackay, Stone & Ayroles, 2009; Rockman, 2012; Zera &
Brisson, 2012). While research has revealed some loci of
major effect affecting a range of quantitative traits (reviewed
in Slate, 2005; Schielzeth & Husby, 2014), more recent work
using linkage analysis or association analysis [genome-wide
association study (GWAS); Appendix I] indicates that many
quantitative traits are polygenic (MacKay et al., 2012; Husby
et al., 2015; Santure et al., 2015; Kardos et al., 2016). The
form of the genetic architecture has significant impacts on
evolutionary dynamics, and this will be discussed in more
detail in Section III. Below we review studies that have
attempted to characterize loci associated with dispersal and
the magnitude of their effects, as well as some studies that
have identified genes associated with dispersal.
Pea aphid, Acyrthosiphon pisum, offers the most obvious
example of pronounced genetic determination of dispersal,
as male wing polymorphism is determined by a single
locus on the X-chromosome (Caillaud et al., 2002). Beyond
this example, we lack a robust mechanistic insight into
loci with large dispersal effects for most organisms. In
Drosophila melanogaster studies of variation affecting locomotion
behaviour provide us with a list of potential candidate genes
for dispersal (Jordan et al., 2007, 2012) (Appendix I), and
these genes may also regulate dispersal in other organisms
[see also reviews by Zera & Brisson, 2012 and by Wheat,
2012]. One of the first genes identified to influence both
larval and adult locomotion behaviour was the foraging
gene (Pereira & Sokolowski, 1993), where larvae with the
dominant ‘rover’ allele (forR) move further than individuals
homozygous for the ‘sitter’ allele (forS) in the presence of
food (Edelsparre et al., 2014). Importantly, adult dispersal
distance in the field is also higher for individuals with the
forR allele (Edelsparre et al., 2014). In both cases, detailed
functional genomic validation has demonstrated that these
effects arise from variation in expression of the gene itself. A
transcriptome study of long-wing and short-wing artificially
selected lines of the cricket Gryllus firmus identified a number
of large-magnitude differences in expression of genes that
function in flight and reproduction (Nanoth Vellichirammal
et al., 2014; reviewed in Zera, 2016). These data on genetic
covariances in expression of genes related to flight and
reproduction are also relevant to the discussion of genetic
correlations (see Section II.5). By developing a state-of-the-art
phenotyping platform, a further recent study of the cotton
bollworm Helicoverpa armigera showed that a suite of expressed
candidate genes linked to physiological adaptations are
required for long-distance flight, allowing this insect to
respond to deteriorating conditions (Jones et al., 2015).
Indications of oligogenic architectures related to dispersal
have also been uncovered in other organisms. Allelic
variation in the gene responsible for the enzyme
phosphoglucose isomerase (Pgi), which is associated with
dispersal rate in the Glanville fritillary butterfly (Melitaea
cinxia), is probably the most thoroughly studied case (reviewed
by Niitepo˜ld & Saastamoinen, 2017). Pgi is a metabolic
enzyme responsible for cellular energetics (e.g. Mattila &
Hanski, 2014). The butterfly forms a metapopulation in the
A˚land Islands, Finland, and more-dispersive individuals are
known to establish new populations (Hanski et al., 2004).
This is especially true in habitat patches that are more
isolated from established populations. The frequency of a
specific allele of the Pgi gene is highest in these newly
established, isolated populations (Haag et al., 2005). In
addition, individuals with this allele have a higher flight
metabolic rate as well as higher dispersal propensity in
the field (Haag et al., 2005; Niitepo˜ld et al., 2009, 2011).
Allelic variations are under balancing selection according
to their associated higher individual fitness under different
environmental conditions (Saastamoinen, 2008; Klemme &
Hanski, 2009; Orsini et al., 2009; Saastamoinen, Ikonen &
Hanski, 2009; Wheat et al., 2010). These changes in Pgi allele
frequencies translate into phenotypic variation in dispersal,
and hence influence demographic rates in ways that impact
population dynamics (Saccheri & Hanski, 2006; Hanski,
2011). Recently, alleles of a second gene, succinate dehydrogenase
D (sdhd ), have been found to show epistatic interaction with
Pgi (Wheat et al., 2011). sdhd affects flight endurance through
oxygen delivery (Marden et al., 2003) and as for Pgi, sdhd
alleles also differ in frequency between new and established
populations within the metapopulation (Wheat et al., 2011).
It is notable, however, that detailed functional genomic
validation of Pgi has not been demonstrated, and hence the
causal role of Pgi as a driver of the above-mentioned processes
has not been proven [see Niitepo˜ld & Saastamoinen, 2017
and Wheat & Hill, 2014 for more details].
All studies examining the genetic basis of dispersal in
natural populations in animals have so far either used a
candidate gene approach (e.g. the Pgi studies described
above) or a limited number of markers (all other studies
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than the Pgi studies described above). The low resolution
of marker densities, often in combination with a small
number of genotyped individuals, means that the power
to detect genetic variants associated with dispersal is
modest at best. One way to circumvent such issues is to
study dispersal in model systems, for instance using the
Drosophila Genetic Reference Panel (Mackay et al., 2012),
which consists of more than 200 fully sequenced inbred
lines derived from North Carolina (Mackay et al., 2012), and
thus offers genomic tools for understanding the genetic basis
of complex traits with high precision and statistical power.
Jordan et al. (2012) investigated the genomic regions affecting
locomotion variation across 167 lines of D. melanogaster. Using
nearly 2.5 million single nucleotide polymorphisms (SNPs)
to explain inter-line variation in locomotion, they found
220 SNPs (Appendix I) in 192 genes associated with this
phenotype. Of these, 12 SNPs explained about 60% of
the variation observed in both sexes. Importantly, they
found a negative relationship between the effect size of
individual SNPs and their frequency in the sample as a
whole, indicating that rare alleles had the largest effects.
Similar results appear to be emerging from a recent study
in the M. cinxia butterfly’s metapopulation (Fountain et al.,
2016). In this study, individual butterflies were genotyped for
222 SNPs across the genome, including SNPs from candidate
genes and neutral regions. Fifteen SNP loci, mostly associated
with flight, changed in frequency in a non-random way in
response to habitat fragmentation (Fountain et al., 2016).
These loci were identified in comparisons of new versus old
populations and therefore are likely enriched in rare alleles
with respect to the entire metapopulation.
In plants, the best-studied examples of genes involved
in dispersal come from domesticated species and model
genetic organisms. In domesticated species, research has
focused on dispersal features such as seed shattering in cereals
(Konishi et al., 2006), and fruit/pod shattering (dehiscence)
of multi-seeded fruits such as pods in legumes and siliques in
the mustard family, Brassicaceae (Raman et al., 2014) or on
the proportion of central achenes produced per capitulum
of some species of the Asteraceae family (Imbert, 2001).
Depending on the species and population studied, genetic
analysis of pod shattering has documented between one and
13 quantitative trait loci (QTLs) or causative loci associated
with this trait (Konishi et al., 2006; Raman et al., 2014;
reviewed by Li & Olsen, 2016).
In contrast to the above examples, where the small
number of loci associated with dispersal variation suggests
an oligogenic genetic architecture, numerous studies (outside
the field of dispersal) indicate that quantitative traits generally
arise via a polygenic architecture (Mackay et al., 2012; Husby
et al., 2015; Santure et al., 2015). While the relatively few
examples of genes with large effect size could arise from
underpowered QTL or GWA studies, it could also indicate
the absence of such loci. Indeed, it has been argued that
publishing bias is responsible for inflating the frequency of
known oligogenic examples relative to their true general
relevance for evolution in the wild (Rockman, 2012). The
multi-factorial nature of dispersal is frequently manifested
as quantitative phenotypic variation in dispersal and in
traits that contribute to dispersal. On the whole, there is
good evidence for genetic variation in dispersal in natural
populations, and evidence from other complex life-history
traits suggests that this variation is seldom caused by single
genes of large effect. Instead, multiple loci probably combine
to affect dispersal. Further studies, using genome-wide
approaches, are required to confirm this hypothesis.
Why is knowing the number of genes contributing to
dispersal variation relevant? One reason is that it may
influence patterns of convergent evolution. With a small
number of genes involved in trait expression, the same genes
may evolve in multiple taxa to create similar phenotypes.
For example, orthologues of a number of candidate genes
identified in D. melanogaster also appear to regulate dispersal
in other insects (Wheat, 2012). In plants, orthologues of a
major gene that controls pod shattering INDEHISCENT
(IND), are expressed in diverse species in the mustard family
(Brassicaceae); in Lepidium campestre, which has dehiscent
fruits, expression patterns of the dehiscence-pathway genes
were similar to that in Arabidopsis thaliana (Lenser & Theißen,
2013). Homologues of IND have been found even outside
of the Brassicaceae (Gioia et al., 2013). Another reason
is that deciphering the genetic architecture of dispersal
may provide information on the speed at which this
phenotype may evolve in response to environmental changes
(Hoffmann & Willi, 2008). For example, the existence of
complex epistatic interactions (Appendix I) between genes
involved in quantitative traits can decrease the amount of
genetic variation at these genes compared to an additive
architecture (Hansen, 2006). This means that a complex
epistatic architecture of dispersal may limit its evolutionary
potential in the context of environmental changes because of
a limited pool of available genetic variants on which selection
can act.
(3) Artificial selection and experimental evolution
of dispersal
Besides the approaches detailed above that characterize
genetic variation for dispersal, indirect evidence for the
genetic basis of dispersal can be provided through studies
that elicit evolutionary responses directly by imposing
selection on dispersal phenotypes. Experimental evolution
and artificial selection can be used to estimate heritability
(e.g. Jordan et al., 2007; Kawecki et al., 2012), but they
can also directly demonstrate the evolutionary potential
of a trait. Experimental evolution allows evolutionary
changes of dispersal in experimental populations subjected
to specific conditions while artificial selection exerts selection
on dispersal traits alone by breeding partners chosen for
their dispersal phenotype (Zera & Brisson, 2012). This type
of approach is hence very powerful but its application is
generally limited to species that can easily be reared in the
laboratory.
Part of the current knowledge of the evolutionary potential
of dispersal comes from artificial selection on domesticated
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species, particularly plants, and on model micro-organisms.
Decreased seed dispersal has been subject to strong artificial
selection in diverse domesticated plant species (Li &
Gill, 2006; Weeden, 2007; Meyer & Purugganan, 2013;
Mach, 2015), and reversion to dispersing forms has been
documented in naturalized crop species (De Wet & Harlan,
1975). Based on genetic analyses of domestication traits,
Fuller & Allaby (2009) inferred that domestication first
imposed selection on seed size and germination even before
agriculture was widely practiced, and as crops became
cultivated, selection for lack of dispersal followed. Similarly in
bacteria, experimental evolution and selection experiments
show that bacterial motility, as well as sporulation, are
evolvable traits (Girgis et al., 2007; Brown et al., 2011;
Koskella et al., 2011; Taylor & Buckling, 2011). Mobility was
also successfully selected for in the nematode Caenorhabditis
elegans (Friedenberg, 2003), in a protist (Fronhofer &
Altermatt, 2015), and in different mite species (Gu &
Danthanarayana, 1992; Knu¨lle, 1995; Nachappa et al., 2010;
Bal, Michel & Grewal, 2014).
Results of selection experiments on dispersal traits are
however not always straightforward, as exemplified by the
case of the spider mite Tetranychus urticae. In this species,
aerial dispersal was initially found to be highly heritable in
a narrow sense (Li & Margolies, 1993, 1994) but recently,
this trait has been discovered to be driven by epigenetic
control (van Petegem et al., 2016). Yano & Takafuji (2002)
reported a response to selection, while Tien, Sabelis &
Egas (2011) did not detect any response for this trait. A
third trait, dispersal distance, was not amenable to selection
due to substantial intergenerational plasticity (Bitume et al.,
2011, 2015). Experimental landscapes that differed in the
spatial correlation of patch extinctions were found to cause
evolution of dispersal in the spider mite, with increased spatial
correlation selecting for less emigration (departure) but more
long-distance dispersal (Fronhofer et al., 2014). Further work
using experimental metapopulations showed that increased
spatial variation in habitat availability reduced dispersal rates
in terms of departure from patches (De Roissart, Wang &
Bonte, 2015; De Roissart et al., 2016). Although the various
traits involved in dispersal contrasted in their response to
selection, experimental evolution in the spider mite has
resulted in some responses to selection, demonstrating both a
genetic basis of dispersal and existing variation for dispersal
within sampled populations.
(4) Phenotypic variation in dispersal among
populations
If dispersal has a genetic basis and can evolve, divergent
selection on dispersal should produce predictable differences
in dispersal phenotypes among different types of populations.
While Section II.3 documented the evolvability of dispersal,
here we address an extension to that concept, focusing on the
evolution of dispersal differences among populations, and its
role in linking ecological and evolutionary dynamics. It is
notable, however, that differences between populations in
any trait, even if in accordance with predictions, are not in
itself evidence for genetic variation, and should always be
accompanied by common-garden breeding trials.
Some of the best-known examples indicating
micro-evolution of dispersal come from range-expanding
species (e.g. Thomas et al., 2001; Lindstro¨m et al., 2013;
Cheptou et al., 2017; Cote et al., 2017b) and from metapopu-
lations showing contrasting levels of connectivity. Individuals
from range margins might be predicted to evolve a higher
dispersal propensity than core populations, and newly
founded populations are likely to comprise more dispersive
individuals than old populations in a metapopulation. In fact,
both the evolution of increased or decreased dispersal can be
predicted for species expanding over fragmented landscapes
or experiencing a sudden fragmentation event (Leimar &
Norberg, 1997; Heino & Hanski, 2001; Gyllenberg, Parvi-
nen & Dieckmann, 2002; Travis, Smith & Ranwala, 2010b;
Poethke, Gros & Hovestadt, 2011b; Cote et al., 2017a). On
the one hand, as habitat fragmentation imposes diverse costs
during transfer (Bonte et al., 2012; Baguette & Van Dyck,
2007), we can simply expect a reduction in dispersal propen-
sity (reviewed in Cote et al., 2017b). In the bog fritillary
butterfly Boloria (Proclossiana) eunomia, dispersal propensity
was dramatically decreased by landscape fragmentation,
which induced higher dispersal mortality (Schtickzelle,
Mennechez & Baguette, 2006; Schtickzelle et al., 2007). A
reduced propensity to initiate wind-assisted dispersal has
been reported in spiders in fragmented landscapes (Bonte
et al., 2006, 2007). The proportion of dispersing versus
non-dispersing achenes has been shown to differ among
populations in desert annual herbs (Venable & Burquez,
1989), as well as among other species populations that differ
in the degree of habitat fragmentation (Imbert, 2001; Riba
et al., 2009). Isolated populations of the annual herb Crepis
sancta along pavements in the city of Montpellier evolved
less-dispersive seeds within approximately 10 generations
(Cheptou et al., 2008). Similarly, Mycelis muralis populations
collected from fragmented landscapes had propagules with
a lower terminal velocity (a proxy of dispersal ability), than
those in non-fragmented landscapes (Riba et al., 2009).
Habitat fragmentation, on the other hand, may select for
adaptations to improve transfer and settlement through,
for example, movement and navigation abilities and, in
highly fragmented landscapes, for higher emigration rates
(Olivieri & Gouyon, 1997; Baguette & Van Dyck, 2007).
This occurs because the increased habitat loss and local
extinction probability increase the dispersal costs, but also
raise the dispersal benefits gained through recolonizations
(e.G. Olivieri & Gouyon, 1997; Travis & Dytham, 1999;
see also the Glanville fritillary butterfly example in Section
III.2d ). In some insects, more efficient transfer has been
suggested to evolve in fragmented landscapes, for example
by increased investments in thorax and flight muscle mass
and by improved navigation skills (Thomas, Hill & Lewis,
1998; Merckx & van Dyck, 2007; Gibbs & van Dyck,
2010; Turlure, Schtickzelle & Baguette, 2010; Gomez &
Van Dyck, 2012). Improved settlement capacities through
increased perceptual ability are found in speckled wood
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butterflies Pararge aegeria in fragmented relative to more
continuous habitat (O¨ckinger & Van Dyck, 2012). Whether
dispersal will increase or decrease in response to habitat
fragmentation will depend on factors such as the proportion
of empty habitats to colonize, the degree of environmental
heterogeneity and, importantly, the amount of genetic
variation in dispersal traits (Cheptou et al., 2017; Cote et al.,
2017b).
Comparisons of individuals from expanding range fronts
with those from core populations also provide interesting
insights about eco-evolutionary dynamics (Appendix I)
involved in dispersal evolution. For example, in northern
Australia, research on the invasive cane toad Rhinella marina
has documented behavioural and morphological changes
associated with increased dispersal rate in populations at
the expanding range front (Phillips et al., 2006, 2008).
Common-garden breeding trials have suggested a genetic
basis to dispersal rate, as toads with parents from the range
front have higher dispersal rates than toads with parents
from the core populations (Phillips, Brown & Shine, 2010).
A number of candidate genes linked to dispersal in cane
toads have been identified recently (Rollins, Richardson
& Shine, 2015). Similar results supporting an increased
dispersal rate at the expansion front have been observed for
other taxa including butterflies (Hill, Thomas & Blakeley,
1999; Hill et al., 2001; Thomas et al., 2001), damselflies
(Therry, Bonte & Stoks, 2015), crickets (Thomas et al.,
2001; Simmons & Thomas, 2004), aphids (Lombaert et al.,
2014), pine trees (Cwynar & MacDonald, 1987), fishes
(Myles-Gonzalez et al., 2015) and some invasive plants
(Monty & Mahy, 2010; Huang et al., 2015). These findings
from field populations are closely paralleled by results from
laboratory studies on range expansions in protists (Fronhofer
& Altermatt, 2015; Fronhofer, Nitsche & Altermatt, 2017)
and plants (Williams, Kendall & Levine, 2016). Increased
seed dispersal at range edges compared to central locations
has been observed in Senecio inaequidens (Monty & Mahy,
2010), but not in Senecio madagascariensis (Bartle, Moles &
Bonsor, 2013), indicating that dispersal ability may evolve
rapidly in response to natural selection, but that some
species or populations may be limited in their ability to
do so.
In summary, between-population differentiation in disper-
sal may reflect a history of divergent selection on dispersal,
imposed for example by habitat fragmentation or range
expansions. Divergence among natural populations there-
fore provides evidence not only for a genetic basis of
dispersal but also for its, sometimes rapid, evolutionary
responses. However, the genetic architecture of dispersal
traits has mostly been ignored from empiricists working on
the eco-evolutionary dynamics of dispersal. This is despite
the fact that the speed of evolutionary changes and the like-
lihood that eco-evolutionary dynamics occur likely involve a
combination of standing genetic variation, new mutations
and genetic covariances among traits (Reznick & Gha-
lambor, 2001; Etterson, 2004; Becks et al., 2010; Hendry,
2013).
(5) Genetic covariances among dispersal traits and
between dispersal and other traits
As discussed above, dispersal is a multidimensional process
made of different components (propensity to disperse,
distance and direction of movements, and settlement choice),
determined by various physiological, morphological and
behavioural traits and induced by multiple ecological factors
(reviewed in Zera & Brisson, 2012). Important questions are
(i) how to characterize the complexity and the genetic drivers
of dispersal, (ii) whether the multiple traits determining
dispersal are genetically correlated, (iii) whether they are
genetically correlated to other fitness-related traits, and (iv)
whether these correlations generally result from selection
or genetically based traits or from plasticity (Clobert et al.,
2009; Stevens et al., 2014; Cote et al., 2017a). The answer to
these questions has important repercussions for the evolution
of dispersal, as genetic covariances may either facilitate or
constrain evolutionary changes (Futuyma, 2010; Kirkpatrick,
2010; Duputie´ et al., 2012). It is therefore surprising that
although phenotypic correlations between dispersal and
other phenotypic traits have been studied extensively in
many organisms (reviewed in Cote et al., 2017b), studies on
genetic correlations or covariances are relatively scarce.
The interrelationships between events at the different
dispersal stages (Clobert et al., 2009) involve correlations
between dispersal components. Some of these relationships
are trivial, such as the emigration status intrinsically
predicting the distance moved (i.e. non-dispersing individuals
moving null to short distances), and others are subtler,
such as the correlation between the distance moved and
the choice of settlement. Few theoretical studies incorporate
these types of correlations: for example, the movement ability
and the propensity to disperse may co-vary, particularly in
fragmented landscapes where the costs of transfer between
habitats are high (Travis et al., 2012). Empirical studies,
however, rarely measure more than one dispersal component
or dispersal stage, and when they do, they rarely estimate
correlations between them. Some studies focused on the
transfer stage have, however, found that dispersal distance
is often correlated with the direction or the linearity of
movements and settlement behaviours (Selonen & Hanski,
2004; Merckx & van Dyck, 2007; Delgado & Penteriani,
2008; Delgado et al., 2010). Individuals dispersing over longer
distances display straighter movements directed towards
other habitats, while short-distance dispersers wander
around. These relationships at the phenotypic level can result
from genetic correlations between dispersal components
or from plasticity, a common environmental effect on all
components or a third, unknown trait covarying with both
components. To our knowledge, these alternative sources of
covariation have not been tested so far.
Along with covariation among traits directly relevant to
the dispersal process, dispersal components also covary with
various other traits that improve the likelihood and success
of dispersal (Clobert et al., 2009; Ronce & Clobert, 2012;
Cote et al., 2017a). These correlations, defining dispersal
syndromes (Appendix I), have been well studied at the
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species level (e.g. Zera & Brisson, 2012; Stevens et al.,
2013, 2014; Cote et al., 2017a, and references therein),
whereas information about the phenotypic structure, and
occasionally about the genetic structure, at the individual
level is only starting to accumulate. The most commonly
observed correlation is that between dispersal and body size,
body mass or derivatives (e.g. leg, wing or thorax size) in many
animals (Bradford & Taylor, 1997; Zera & Denno, 1997; Hill
et al., 1999; Lowe, Likens & Cosentino, 2006; Phillips et al.,
2006; Cote & Clobert, 2010; Saastamoinen, Brakefield &
Ovaskainen, 2012; Zera & Brisson, 2012; Trochet et al.,
2013). Such relationships may arise because morphology
directly affects the movement efficiency or the competitive
ability of individuals, and therefore their dispersal success.
Both dispersal traits and correlated morphological traits can
be heritable (Thomas et al., 1998; Saastamoinen et al., 2012;
Legrand et al., 2016), and it is therefore not surprising to
see that their correlations also can have a genetic basis (e.g.
Roff & Bradford, 1998; Lobo´n et al., 2011; Saastamoinen
et al., 2012). However, when tested, these correlations
sometimes have proven to be environmentally driven as
well (Saastamoinen et al., 2012; Legrand et al., 2016).
Investment in morphology and the physiological
machinery that supports dispersal may co-vary with a
number of other traits and processes. Arguably the
most intensively studied species with regard to the
physiological and genetic underpinnings of dispersal is the
wing-dimorphic cricket Gryllus firmus, which shows systematic
differences between the long-winged and short-winged
morphs (reviewed in Zera & Harshman, 2001; Zera &
Brisson, 2012). Selection studies demonstrate that wing
length is associated with differences in juvenile hormone
and ecdysteroid levels (Zera, 2006). The morphs also differ
in genetically controlled lipid synthesis and triglyceride
accumulation (Zera & Larsen, 2001; Zera & Zhao, 2003),
investment in the flight apparatus, mainly flight muscle
mass (Zera & Denno, 1997; Zera & Harshman, 2001),
and respiration rate (Crnokrak & Roff, 2002). In addition
to morphology, dispersal syndromes also involve traits
related to reproductive performance and hence demographic
parameters (Zera & Brisson, 2012; Bestion, Clobert &
Cote, 2015; Za´vorka et al., 2015). Here too, some of the
best examples of genetic covariances between dispersal and
reproductive traits are those from wing-dimorphic crickets
Gryllus firmus and G. veletis (Crnokrak & Roff, 1998; Roff,
1995; Begin & Roff, 2002; Zera & Brisson, 2012), in
which a negative genetic correlation between dispersal and
traits, such as embryo viability (Evans, García-Gonza´lez &
Marshall, 2007), fecundity (Roff & Bradford, 1998; Johnson,
Johnson & Bradley Shaffer, 2010; Lobo´n et al., 2011) and
ovary development (Zera & Brink, 2000; Roff & Ge´linas,
2003) is evident. In a similar manner, in plants, genes that
control plant architecture are expected to influence not only
seed dispersal, but also floral presentation, ability to compete
for light, or even size (Kirchoff & Claßen-Bockhoff, 2013).
Genes associated with plant height or size are likely to be
associated with overall growth rates, competitive ability, and
fitness itself (Donohue, 1998, 1999; Wender et al., 2005),
and genes that influence the timing of dispersal are also
expected to influence the timing of flowering. Finally, few
studies have tested genetic correlations between dispersal
and behavioural traits or between dispersal and physiological
traits. Pedigree analyses showed that exploratory behaviour is
genetically correlated with movement propensity in great tits
Parus major and that departure and settlement are genetically
correlated with aggressiveness in western bluebirds Sialia
mexicana (Duckworth & Kruuk, 2009; Korsten et al., 2013).
In marmots Marmota flaviventris, there is a negative genetic
correlation between dispersal and time allocated to vigilance
(Blumstein et al., 2010).
Dispersal traits can therefore be genetically correlated
with other traits under selection, and it is unclear whether
such correlations result from joint selection on multiple
traits, or from pleiotropy. Some trait combinations lead
to higher dispersal success than others and are therefore
likely to be under correlational selection. For example,
in western bluebirds, higher aggressiveness in dispersers
increases their colonization success at the range-expanding
front (Duckworth & Badyaev, 2007). Given that selective
pressures vary along environmental gradients, when
scaled up towards among-population variation, divergent
environmental gradients may eventually select for specific
dispersal-related trait combinations and/or specific dispersal
syndromes. Consequently, different syndromes among
populations could emerge and be maintained (Clobert
et al., 2009; Cote et al., 2010, 2017a; Ronce & Clobert,
2012). Conditional dispersal syndromes have now been
reported in several studies (Byers, 2000; Gilliam & Fraser,
2001; Cote & Clobert, 2007; Bonte et al., 2008; Bolnick
et al., 2009; Cote et al., 2013; Bestion et al., 2014, 2015;
Pennekamp et al., 2014; Myles-Gonzalez et al., 2015; Jacob
et al., 2016). However, although the strength of genetic and
environmental components of dispersal syndromes and their
interactions will undoubtedly influence the eco-evolutionary
outcomes of dispersal (Legrand et al., 2017), they remain
almost unexplored.
(6) Genotype–environment interactions
Active dispersers are known to adjust their dispersal
decisions according to the environmental conditions they
encounter at each of the three dispersal stages (i.e.
context-dependent dispersal or conditional dispersal; Clobert
et al., 2009). Similarly, passive dispersal can be impacted by
the environment indirectly – such as temperature effects on
plant height and thus dispersal distance (Zhang, Jongejans &
Shea, 2011) – or directly, such as changes in ocean currents
transporting plankton (McManus & Woodson, 2012). At the
molecular level, the associations between certain candidate
genes and dispersal have also been shown to depend on
environmental conditions. Dispersal phenotypes therefore
result from the combination of genetic (G) and environmental
(E) effects, and genotype–environment (G × E) interactions.
For instance, the associations between the Pgi gene and
flight metabolic rate or other traits (see Section II.2)
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depend on thermal conditions in several butterfly species
(Karl & Fischer, 2008; Niitepo˜ld, 2010; Mattila, 2015)
and food availability in the blue-tailed damselfly Ischnura
elegans (Block & Stoks, 2012). Similarly, when D. melanogaster
larvae are reared under low-nutrient conditions, adults
with forS alleles exhibit more exploratory behaviour and
a lower reproductive output than forR individuals, the
opposite association than when reared under high-nutrient
conditions (Burns et al., 2012). Studies of the migratory
African armyworm, Spodoptera exempta, are good examples
of the existence of G × E interaction (Gatehouse, 1989,
1997). Selection experiments of this species show that only
individuals raised in the laboratory under high density are
selected to fly long distances. Otherwise, individuals showed
a short flight duration. The existence of significant G × E
interactions would indicate that genetic variation underlies
such plasticity, and the potential for selection to act on
conditional dispersal (e.g. Venable, 1985; Gatehouse, 1989,
1997; Imbert & Ronce, 2001; Riba et al., 2009, reviewed in
Zera & Brisson, 2012; Arendt, 2015).
While evidence of conditional dispersal is substantial,
quantitative studies on the genetic component of such
plasticity are still relatively rare. Pennekamp et al. (2014)
quantified the contribution of G, E, and G × E to this
variable for 44 different genotypes from three population
densities in the ciliate Tetrahymena thermophila. They found that
43% of the variance in dispersal propensity was explained by
G, 13% by E and 2% by G × E, with reaction norms
(Appendix I) to density varying among genotypes from
negative to positive density dependencies (see also Fronhofer,
Kropf & Altermatt, 2015a). A recent study showed that
this significant G × E interaction could be explained by
other traits like cooperation and result in the variation
of dispersal syndromes along a density gradient (Jacob
et al., 2016). In the spider Erigone atra, temperatures during
development affected both long- and short dispersal strategies
(Bonte et al., 2008). Using parent–offspring regressions,
Bonte et al. (2003) found that 16 and 13% of the
phenotypic variation in pre-dispersal behaviour in response
to multiple stressors could be attributed to genotypic
and genotype × environment interactions, respectively. Both
studies thus point to the existence of substantial genetic
variation in dispersal reaction norms for long-distance
dispersal strategies, but not for more routine (short-distance)
behaviours. In another study using saltmarsh-inhabiting
wolf spiders Pardosa purbeckensis, population-specific reaction
norms relative to wind conditions were found to be adaptive
relative to putative costs of transfer. Genetic variation
in the reaction norms declined significantly with habitat
and thus population size (Bonte et al., 2007). Similarly,
in the plant Arabidopsis thaliana, significant heritability was
detected for seed dispersal patterns, but the magnitude of
heritability depended on the density at which the plants
were grown (Donohue et al., 2005). Since density is, in part,
determined by seed dispersal patterns, this suggests that the
evolutionary potential (expression of genetic variation) of
dispersal could depend on the level of dispersal itself. Hence,
evolutionary or plastic changes in dispersal, which determine
post-dispersal density, could either mask or release further
genetic variation for dispersal, depending on specific patterns
of genotype–environment interaction (Donohue, 2005).
Importantly, the environmental conditions that influence
dispersal can be experienced by the individual itself either
during its development or during the adult stage, but
also by its parents (so-called parental or transgenerational
effects; e.g. Sinervo et al., 2006; Tschirren, Fitze &
Richner, 2007; Ducatez et al., 2012; Bestion et al., 2014;
van Petegem et al., 2015). When plasticity occurs through
maternal effects, it might be difficult to tease apart
environmental from genotype × environment effects. This
is because maternal genes and broad-sense epigenetic
factors (including hormonal conditions or endosymbionts)
are confounded, and maternal environmental conditions can
select simultaneously for different genotypes through selective
embryo mortality (Duong et al., 2011). Maternal effects can
be distinguished from genetic effects through comparisons
between father–offspring and mother–offspring regression
(Charmantier et al., 2011), Animal Models using full
pedigrees (Charmantier et al., 2011), or manipulations
of endosymbiotic communities or of the environmental
conditions of mothers during gestation (Sinervo et al., 2006;
Tschirren et al., 2007; Goodacre et al., 2009; Bestion et al.,
2014).
III. REPRESENTATION OF DISPERSAL
GENETICS IN MODELS
To date, models that explore the evolution of dispersal
have almost exclusively been developed to provide general,
and typically qualitative, theoretical insights. This is largely
because without information on dispersal genetics it is
extremely challenging to develop models that can provide
more quantitative insights into, for example, the number
of years we might expect it to take for emigration rate
of a particular mammal species to evolve to a new
equilibrium following fragmentation of its habitat. As we
have seen above, it is only in very recent years that we
have begun to gain empirical understanding of dispersal
genetics. This will now allow us to develop models that
can make the more quantitative predictions that are
required if we are to integrate dispersal evolution into
models developed for forecasting how ecological systems
will respond to environmental changes (Urban et al., 2016),
and for informing management. In this section, we start by
reviewing the questions asked, and approaches typically
used, in theoretical models for dispersal evolution. We
subsequently highlight how new theory can usefully be
developed by considering greater genetic complexity. New
genetically explicit models can, together with the emerging
empirical information, provide the foundations required to
build a new generation of models that can yield (quantitative)
eco-evolutionary predictions and that can be used to develop
more-effective management practices.
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When developing general theory about the evolution of
any aspect of life history, biological assumptions need to be
justified. While it is understood that dispersal phenotypes are
the product of multiple traits, our review below illustrates that
most models have not incorporated the underlying complex
mechanisms. Rather, models generally represent compound
phenotypes, such as the rate of leaving the natal patch (a
proportion), or parameters of a simple dispersal kernel (i.e. the
distribution of distances over which individuals are displaced
from their natal site). Despite the potentially complex
genetic architecture and apparently polygenic genetic basis of
dispersal, models have remained genetically very simple, with
most of them assuming a single locus affecting a single trait.
Such an oversimplification of the genetic basis of a phenotype
has been dubbed the ‘phenotypic gambit’ (Grafen, 1984),
because the loss of genetic realism trades off favourably with
the mathematical/computational tractability and generality
of the models.
(1) What dispersal phenotypes are modelled?
Theoretical models have typically focused on the evolution
of one of the three phases of dispersal (departure, transfer or
settlement) and have fixed the other two (see online Table S2).
The vast majority of models have focused on the departure
phase by modelling the evolution of rate/probability of
emigration from a natal patch (see online Table S2). Early
models, considering context- (e.g. density-) independent rates
of emigration, were fundamental in elucidating what we now
understand to be the major drivers of selection for emigration,
such as kin-competition (e.g. Hamilton & May, 1977; Motro,
1982a,b; Frank, 1986; Taylor, 1988; Gandon & Michalakis,
1999), environmental variability (e.g. Comins, Hamilton &
May, 1980; Hastings, 1983; Levin, Cohen & Hastings, 1984)
and inbreeding depression (e.g. Motro, 1991; Gandon, 1999;
Perrin & Mazalov, 1999). There is now an increasing number
of models that explore the evolution of more-complex
emigration rules that may depend, for example, on
environmental conditions, local density of conspecifics
(McPeek & Holt, 1992; Travis, Murrell & Dytham, 1999;
Poethke & Hovestadt, 2002; Kun & Scheuring, 2006), and
local density of prey/parasites/predators (Travis et al., 2013a;
Iritani & Iwasa, 2014). Further, some recent work has begun
to consider how the quality of information available to
actively dispersing individuals influences the evolution of
emigration and the evolution of investment in the acquisition
of information (Armsworth, 2009; Enfja¨ll & Leimar, 2009;
Bocedi, Heinonen & Travis, 2012; Delgado et al., 2014).
An interesting set of studies explores the evolution of
dispersal kernels (see online Table S2). These studies focus
primarily on the distances over which individuals are
selected to travel, so they consider mainly the transfer phase
of dispersal. However, it should be noted that in some
cases, the dispersal kernel that evolves also determines the
emigration rate, since only those individuals that disperse
far enough to leave their natal habitat are emigrants (e.g.
Hovestadt, Messner & Poethke, 2001; Rousset & Gandon,
2002; North, Cornell & Ovaskainen, 2011; Fronhofer,
Poethke & Dieckmann, 2015b). Notably, these studies
on the evolution of dispersal kernels have not tackled
context dependencies in the dispersal distances to the
same degree as context-dependent emigration has been
treated. Recent theory has taken an alternative approach
to modelling the transfer phase by incorporating evolution
into more-mechanistic descriptions of movement. Examples
include the evolution of plant height (and thus seed release)
with a mechanistic model determining how far individual
seeds are dispersed (Travis et al., 2010b), the evolution of
the correlation of animal movement trajectories (Heinz &
Strand, 2006; Barton´ et al., 2009, 2012), the evolution of
boundary-crossing behaviours (Martin & Fahrig, 2015), and
the evolution of behavioural rules in plankton that influence
the currents in which individuals are dispersed and thus how
far they travel (Pringle et al., 2014). Theory on the settlement
phase of dispersal is the scarcest. There are however a
handful of examples looking at the evolution of settlement
behaviours (typically probability of settling) based on habitat
selection (Stamps, Krishnan & Reid, 2005), mate finding
(Shaw & Kokko, 2014, 2015), prey (Travis et al., 2013a) and
conspecific density (Poethke et al., 2011b).
(2) How is the genetics of dispersal modelled?
(a) The ‘phenotypic gambit’: modelling dispersal phenotypes with hints
of genetic architecture
Early analytical models focused on the evolution of
emigration rate. They typically proceeded by considering the
fate of a single mutant allele, or phenotype, of a small effect
in an otherwise monomorphic haploid population. These
models predicted the circumstances under which an optimal
dispersal rate is evolutionarily stable, and can be reached
by small mutational steps. Such models usually considered
asexual species with a single phenotype that had one of
two possible states, migrant versus non-migrant, or resident
versus mutant, in game-theoretical or adaptive dynamics
approaches (e.g. Hamilton & May, 1977; Comins et al.,
1980; Hastings, 1983; Levin et al., 1984; Frank, 1986; Taylor,
1988; see online Table S2). A few early population-genetic
models considered sexual species with either a haploid locus
bearing discrete alleles (e.g. van Valen, 1971; Motro, 1982a)
or a diploid bi-allelic locus, that directly set the dispersal
probability of the gene carriers and followed changes in allele
frequencies (e.g. Roff, 1975; Motro, 1982b, 1983). Although
more complex analytical models are being developed and are
still being used fruitfully (e.g. Ravigne´ et al., 2006; Vitalis et al.,
2013; Blanquart & Gandon, 2014; Massol & Debarre´, 2015),
such models still focus on discrete phenotypes and ignore
their complex polygenic determination and any genetic
mechanisms that might impact its evolution. While this
approach might be appropriate to answer questions on what
strategy eventually evolves and if it is evolutionarily stable,
it does not allow consideration of transient dynamics that
are likely to be most affected by the genetic architecture,
and are fundamental in eco-evolutionary dynamics and
responses to environmental changes (see Sections III.2d
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and III.3; Dunlop, Heino & Dieckmann, 2009; North
et al., 2011). Ultimately, the constraints imposed by the
genetic architecture and the possibility for eco-evolutionary
dynamics (see Section III.2d ) may even determine the
possibility of reaching alternative evolutionary outcomes
(Crespi, 2004).
In the last three decades, the theory of dispersal evolution
has benefited from the development of more flexible
population-based and individual-based simulation models
(see online Table S2). While these approaches have less
generality, they can achieve greater realism of the modelled
evolutionary scenarios. However, in terms of genetic realism,
these models remain simplistic. For example, emigration
probability is usually coded by a single haploid or diploid
locus carrying continuous and additive allelic values bounded
between 0 and 1 (e.g. Poethke & Hovestadt, 2002; Travis &
Dytham, 2002; Guillaume & Perrin, 2006), or a set of discrete
allelic values (e.g. McPeek & Holt, 1992; Travis & Dytham,
1999). The advantage of this simplification, however, is
the possibility to match analytical model predictions with
simulation results, and to ignore complications arising from
multi-locus genetics.
Some simple elements of single-locus genetic architectures
have been implemented in population-genetic and
individual-based simulation models (see online Table S2).
Regarding intra-locus allelic interactions, in most of
the diploid models the two alleles are co-dominant in
heterozygotes and the genotypic value at the locus is
determined by either the arithmetic mean or the sum
of the two allelic values. A few models with discrete
alleles consider dominance interactions, generally modelling
complete dominance of one allele over the other (Leimar &
Norberg, 1997; Motro, 1982b; Roff, 1994). More recently,
Fronhofer et al. (2011) modelled evolution of emigration
probability considering evolution of dominance interactions
between two continuous alleles at a single locus. The
dominance of one allele over the other was determined
by a ‘dominance modifier’ diploid locus determining the
dominance value of each allele. Dominance interactions were
therefore allowed to evolve from co-dominance, to partial
dominance, to complete dominance. Interestingly, this study
showed that evolving dominance allows the maintenance of
dispersal polymorphisms, which otherwise disappear when
assuming fixed co-dominance.
The mapping between genotype and phenotype is most
often very simple, with complete equivalence being assumed,
and hence no environmental variance. Thus, most models
consider the heritability of the modelled phenotypes to
be equal to 1. Very few models have taken a more
explicit quantitative-genetic approach (e.g. Perkins et al.,
2013) where environmental variance contributes to the
dispersal phenotype, hence decreasing the heritability of
traits to less than 1. Phenotypic expression, typically of wing
dimorphism, has also been modelled through the quantitative
genetic threshold model (Roff, 1994). Here, a continuous and
normally distributed characteristic, called liability (Falconer
& Mackay, 1996), underlies a discrete phenotypic variation
(e.g. dimorphism). Individuals with liability above a certain
threshold express one morph (e.g. wings), while individuals
with liability below the threshold express the alternative
morph (e.g. no wings). While the liability might potentially be
modelled in a genetically explicit manner (i.e. with individuals
carrying multiple loci; e.g. Duthie, Bocedi & Reid, 2016), we
are not aware of models that do so for dispersal traits. Models
considering the evolution of sex-biased dispersal assume
sex-limited phenotypic expression, where two loci carried by
both sexes separately code for male and female dispersal,
while each sex expresses only the relevant phenotype (e.g.
Motro, 1991; Guillaume & Perrin, 2006, 2009; Gros,
Hovestadt & Poethke, 2008; Gros, Poethke & Hovestadt,
2009; Meier, Starrfelt & Kokko, 2011; Shaw & Kokko, 2014,
2015; Henry, Coulon & Travis, 2016).
(b) Reaction norms and multiple-traits models
Several studies have investigated the evolution of plastic
phenotypic responses to biotic or abiotic conditions (reaction
norms) where, for example, the probability of emigration
depends on conspecific density or habitat quality. In this
case, the modelled phenotype is a function describing the
individual’s response to a varying condition. Each of the
function’s parameters (one or more) is coded by one locus,
and free recombination and no pleiotropy are assumed
among loci coding for different parameters (e.g. Kun &
Scheuring, 2006; Bonte & De La Pen˜a, 2009; Enfja¨ll &
Leimar, 2009; Travis et al., 2009; Shaw & Kokko, 2015).
A few studies have modelled the joint evolution of multiple
dispersal traits, for example traits involved in more than one
dispersal phase (e.g. Yukilevich, 2005; Poethke et al., 2011b;
Travis et al., 2012), and some studies have considered joint
evolution of dispersal and other traits (see online Table S2).
These include local adaptation (Billiard & Lenormand,
2005; Kubisch et al., 2013; Blanquart & Gandon, 2014;
Berdahl et al., 2015; Hargreaves, Bailey & Laird, 2015; ),
rate of self-fertilization (Cheptou & Massol, 2009; Sun &
Cheptou, 2012), seed dormancy fraction (Vitalis et al., 2013),
sex-ratio (Leturque & Rousset, 2003), animal perceptual
range (Delgado et al., 2014), and resource investment in
reproduction and competitive ability (Burton, Phillips &
Travis, 2010; Fronhofer & Altermatt, 2015; Fronhofer
et al., 2017) or in acquisition of information (Bocedi et al.,
2012). As for the single-trait models, multiple-trait models
include analytical and quantitative genetic models, as well
as population-genetic and individual-based models. Where
a genetic basis is modelled, each trait is coded by one
locus. Different loci are unlinked (i.e. freely recombining)
in most models (e.g. Poethke, Dytham & Hovestadt, 2011a;
Bocedi et al., 2012; Travis et al., 2012; Kubisch et al., 2013),
but in others are completely linked assuming a biologically
sensible trade-off (Fronhofer et al., 2011), or recombine at a
certain rate (Billiard & Lenormand, 2005; Yukilevich, 2005;
Blanquart & Gandon, 2014). We are not aware of any model
implementing pleiotropy, where the same gene can affect
more than one trait.
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(c) Dispersal evolution and the genetic architecture of inbreeding
depression
More-explicit genetic architecture has been considered in
models investigating the role of inbreeding depression in
the evolution of emigration probability (Morgan, 2002;
Roze & Rousset, 2005, 2009; Guillaume & Perrin,
2006, 2009; Ravigne´ et al., 2006; Henry et al., 2016).
While the dispersal trait is still coded by a single locus,
different multilocus architectures are implemented for loci
determining inbreeding depression, thus allowing it to evolve.
In these models, the mutation load is determined by multiple
diploid loci carrying deleterious mutations. At each locus,
the fitness effect of the deleterious mutation is determined
by the selection coefficient against the mutation and its
dominance coefficient (Higgins & Lynch, 2001). Typically,
models assume selection and dominance coefficients to be
the same for all loci and also assume multiplicative effects
on fitness across loci. These models have revealed important
effects of the genetic architecture of the mutation load on
inbreeding depression and, consequently, on the evolution
of dispersal. For example, Guillaume & Perrin (2006)
showed that in small populations, inbreeding depression,
and consequent heterosis, can drive dispersal evolution
as a means of inbreeding avoidance when deleterious
mutations are strongly recessive, so that they do not go
to fixation and are not purged from the population, thus
maintaining heterosis. However, mildly deleterious and
partially recessive mutations appearing at high rates may
quickly accumulate in small populations, increasing the
mutation load to the point of causing population extinctions
and high demographic stochasticity, which also induces
selection for higher dispersal. The amount of heterosis
maintained in the population, and hence the strength of
selection for increased dispersal, also depends on the number
of loci that contribute to inbreeding depression, where a low
number of loci can substantially decrease heterosis (Roze &
Rousset, 2009).
(d ) Eco-evolutionary dynamics and the importance of genetic
architecture
Dispersal is key in linking ecological and evolutionary
dynamics as it connects populations both demographically
and genetically (Hanski, 2012; Hendry, 2016). Variation in
population densities and demography caused by dispersal
feeds back on the evolutionary dynamics of the dispersal
trait itself, or other life-history or fitness-related traits,
by affecting changes in allele frequencies, the strength of
density-dependent mechanisms, the opportunity to either
avoid conspecifics (e.g. Ronce, 2007; Kubisch et al., 2014) or
to follow them in some other cases (e.g. Penteriani & Delgado,
2011; Coppock, Gardiner & Jones, 2016). The resulting
eco-evolutionary dynamics (also called eco-evolutionary
feedback when the effects between ecology and evolution
are reciprocal; Post & Palkovacs, 2009; Hanski, 2012) are
characterized by rapid evolution due to strong selection,
and are likely to occur, or at least to be most detectable,
during environmental change or in highly spatio-temporally
variable environments (Reznick & Ghalambor, 2001; Crespi,
2004; Hanski, 2011, 2012). Accordingly, rapid evolution
of dispersal has been predicted and documented during
range expansion or shifts and as a consequence of habitat
fragmentation (see Section II.1; Hanski, 2012; Cheptou et al.,
2017; Legrand et al., 2017).
Theoretical models predict interesting eco-evolutionary
dynamics involving dispersal evolution (see also Section
II.1). For example, both ‘evolutionary rescue’ determined by
evolution of increased dispersal, and ‘evolutionary suicide’
determined by loss of dispersal, can be predicted for species
expanding over fragmented landscapes or experiencing a
sudden fragmentation event (Leimar & Norberg, 1997;
Heino & Hanski, 2001; Gyllenberg et al., 2002; Travis et al.,
2010b; Poethke et al., 2011a). The outcome will depend on
factors such as the stage of expansion, the manner and
rapidity of fragmentation and, importantly, the amount of
genetic variation in dispersal traits. Further, models of range
shifting following a shift in environmental conditions predict
‘elastic’ range margins, where the range shifts and expands
due to rapid increase in dispersal during the environmental
change, but then retracts due to decreased dispersal following
the cease of the change (Holt, 2003; Kubisch, Hovestadt &
Poethke, 2010; Henry, Bocedi & Travis, 2013). The type
of environmental gradient determines the amplitude of the
fluctuation in range size.
The impact of the genetic architecture of dispersal traits
on dispersal eco-evolutionary dynamics has mostly been
ignored. An exception is the model by Kubisch et al. (2014)
which showed that ploidy affects dispersal evolution, and
hence rate of range expansion, depending on the type of
environmental gradient over which expansion occurs. While
clonal species expanded faster in shallow gradients relative
to sexually reproducing species, they expanded more slowly
over steeper gradients. Whether or not genetic architecture
might affect evolutionary equilibria, it surely affects the rate of
evolution (see Section II.3) which is key for eco-evolutionary
dynamics to occur. For example, rapid evolutionary changes
likely involve a combination of standing genetic variation and
new mutations (Hendry, 2013), with the balance between the
two determining not only the speed of evolutionary changes,
but also the likelihood that eco-evolutionary dynamics will
occur (Becks et al., 2010). For example, North et al. (2011)
showed that high mutation rates allowed maintenance of
dispersal polymorphisms in fragmented landscapes with
high patch turnover rate. In turn, the occurrence or not
of eco-evolutionary feedbacks might affect the amount
of adaptive genetic variation that is maintained (Becks
et al., 2010; Hanski, 2012). Hence, the underlying genetic
architecture determining maintenance of genetic variation
prior to changes, as well as mutation rate and magnitude,
will likely affect dispersal eco-evolutionary dynamics (R. C.
Henry, G. Bocedi & J. M. J. Travis, in preparation). How
much additive genetic variation is generally present within
a population is still much debated and indeed this might be
idiosyncratic to the population, its evolutionary history and
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spatial location (e.g. marginal versus core habitats; bottlenecks)
(Kawecki, 2008; Hanski, 2012; Hendry, 2013). However,
even in cases where populations seem to be genetically
depauperate, rapid evolution (including of dispersal) has been
observed (e.g. Rollins et al., 2015). The genetic mechanisms
behind this are unknown although heritable epigenetic
variation might be a potential one (Bonduriansky & Day,
2009; Rollins et al., 2015; Legrand et al., 2017). Further
genetic variation can be maintained by non-additive genetic
effects (dominance and epistasis) and be converted to additive
genetic variation following a bottleneck (Roff & Emerson,
2006). Finally, genetic covariances among traits might either
favour or hinder rapid evolutionary responses (Reznick &
Ghalambor, 2001; Etterson, 2004; Hendry, 2013).
While a few theoretical studies have begun to consider
explicit genetic architecture in modelling the eco-evolution
of dispersal, models developed and parameterized for
addressing questions related to particular species in particular
environments remain even scarcer. A recent exception is
Hanski et al. (2017), who used a metapopulation model to
predict the distribution of the Glanville fritillary butterfly
over 22 years across the heterogeneous landscape of the
A˚land islands SW Finland. Of the 125 population networks
33 were above the extinction threshold for long-term
persistence. Spatial configuration and habitat area predicted
metapopulation size and persistence, but interestingly in the
33 networks above the extinction threshold, allelic variation
in SNPs of the Pgi gene explained ∼30% of variation in
metapopulation size. Based on previous knowledge (see
Section II.2), this indicates that individuals with specific Pgi
genotypes that are more dispersive increase colonization rate
and decrease extinction rate of these population networks
(Hanski et al., 2017). Consistently, three viable networks that
were extinct for at least 5 years had lower frequency of the
dispersive genotype than the 27 networks that persisted for
the full 22 years (Hanski et al., 2017).
(3) Why is it important to include the genetic
architecture of dispersal in models?
Dispersal traits are often quantitative traits showing
continuous and heritable variation within populations (see
Section II and see online Table S1) and can thus be
assumed polygenic in nature. This assumption, however,
potentially introduces many complications when modelling
the evolution of a trait. Ignoring, or not, these complications
may matter in some cases but not in others. For example, and
as alluded to above, details of the distribution of allelic effects
at loci affecting a trait will affect its evolutionary dynamics.
Previous models, nevertheless, have ignored these genetic
details and have been based on much simpler assumptions
(reviewed in Section III.2a), in part for practical reasons but
also because modellers were mostly interested in finding
optimal strategies, corresponding to equilibrium points
located at maxima of fitness landscapes. Whether and how
the optimal strategy is reached by evolution then depends
mostly on the shape of the adaptive landscape around an
equilibrium point and less on the genetic architecture of the
trait [see Ronce, 2007 for a review of modelling techniques].
This is because we generally assume that, as long as genetic
variation exists in the direction of selection on the adaptive
landscape, a population will reach the equilibrium point.
Details of the genetic architecture of dispersal
trait(s) may then matter most when considering the
evolutionary dynamics of a (meta)population, especially in
non-equilibrium situations such as range expansions, or
extinction–colonization dynamics. That is, the number of
loci, their distribution of allelic effects and possible epistatic
interactions, their mutation and recombination rates, and
their number of pleiotropic effects will all affect the rate of
trait evolution towards an optimal strategy even if they do
not affect the existence or position of that strategy on an
adaptive landscape. However, when dispersal evolution and
eco-evolutionary dynamics are co-determined, for instance
during range expansion, genetic details underlying trait
variation may have quantitative and qualitative effects on
model outcomes. Typically, of the features just enumerated,
some will enhance and some will constrain the rate of
evolution of a dispersal trait and are thus worth considering
because they may feedback on the evolutionary process itself.
We will, however, not provide an exhaustive review of all
possible effects of complex polygenic architectures on trait
evolution but rather focus on a few simple examples.
First, keeping in mind that rates of evolution depend
on the amount of additive (heritable) genetic variation in
a trait, any characteristic that increases the genetic and
thus the phenotypic variance of a trait will be favourable
under directional selection towards an optimum value.
Increasing the number of loci, the mutation rate, or the
mutational effect size (i.e. proportion of variance contributed
by a locus) will speed up evolution by increasing trait
variation, but will become an impediment when selection
is stabilizing by generating a variance load (i.e. reduction
of mean population fitness due to phenotypic variation
around the optimum). Furthermore, when loci contribute
unequally to trait variation, the shape of the phenotypic
distribution may depart from normality, and become skewed,
or have higher kurtosis. For example, De´barre, Yeaman &
Guillaume (2015) showed that when traits are affected by a
few loci of large effect (i.E. major loci) together with many
loci of small effect (i.E. minor loci), they are better able to
resist homogenization by gene flow and lead to better local
adaptation under diversifying selection between divergent
habitats than when only minor loci are considered. In
De´barre et al. (2015), increasing the allelic effect of major
loci increased the skewness of the phenotypic distributions
in divergent populations connected by gene flow, which
increases the response to selection towards phenotypic
optima. The enhancing effect of major loci on rates of
evolution has also been shown when populations face a
sudden, large shift in their environment and when a trait is
determined by a mix of major and minor loci (Gomulkiewicz
et al., 2010), or during range expansion on coarse or stepwise
environmental gradients (Gilbert & Whitlock, 2017). Traits
determined by many minor loci can, however, confer faster
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adaptation to coarse gradients when the mutation rate is large
(Gilbert & Whitlock, 2017). Finally, genetic architectures
with many possible mutational paths will cause faster trait
evolution than genetic architectures that constrain trait
variation on a single path. That is, traits determined by many
loci at which multiple allelic combinations may provide the
same trait value (i.e. when there is genetic redundancy) will
achieve higher rates of evolution compared to when trait
values can only be reached by a single combination of alleles
(Yeaman, 2015). All these aspects must thus be carefully
considered when modelling dispersal as a polygenic trait.
Second, when selection acts on allelic variants at multiple
loci, statistical linkage, and thus linkage disequilibrium
(LD) may ensue because some allelic combinations may
be favoured over others. Selection will then maintain LD
among beneficial allelic combinations, which contributes
to adaptation in heterogeneous environments despite
recombination and sometimes strong gene flow (Le Corre &
Kremer, 2003, 2012). This is especially true when adapting
from standing genetic variation in the presence of gene flow
and for genetic architectures with high genetic redundancy,
which can maintain clusters of co-adapted loci that can
function as loci of major effect (Yeaman & Guillaume, 2009;
Yeaman & Whitlock, 2011). The rate of recombination, in
addition to the number and effect sizes of loci under selection,
is thus an important parameter to consider when modelling
polygenic traits.
Third, dominance and epistasis, both representing
non-additive allelic effects, are important in the evolution
of quantitative traits because of their contributions to trait
genetic variance (Falconer & Mackay, 1996; Lynch & Walsh,
1998). They are seldom taken into account, mostly because
both are very complex features to model in multi-locus
systems, and are expected to be of most influence in
small or inbred populations (e.g. for dominance: Wolak &
Keller, 2014; see Section III.2a for single-locus models with
dominance). Whether epistasis contributes significantly to
trait evolution is also still under intense debate (e.g. Hansen,
2013; Barton, 2017). However, it is safe to assume that
epistasis can be ignored for polygenic traits affected by many
loci of small effects at which selection is of the same intensity
as drift, in which case epistasis will not contribute much to
trait variation (Barton, 2017).
Finally, genetic non-independence among traits, caused by
physically linked or pleiotropic loci, has the potential either
to constrain or enhance the co-evolution of correlated traits
(Lande, 1979; Walsh & Blows, 2009). For instance, traits
that are under uniform selection across populations, such as
dispersal traits or other life-history traits, may be displaced
from their optimum if they are genetically correlated to traits
under directional selection (Guillaume, 2011). Such genetic
non-independence may have far-reaching eco-evolutionary
consequences (see Section III.2d ). As reviewed in
Section II.5, many dispersal traits are strongly correlated with
each other and/or with other traits under selection. While the
mechanisms underlying these correlations (e.g. pleiotropy,
physical linkage, environmentally induced correlations) have
been identified in only a few cases, many of these traits likely
share a common genetic basis and are subject to correlated
evolution. However, current models consider different traits
as evolving independently. In some models, correlated
evolution can arise because of imposed or emerging trade-offs
(e.g. dispersal versus reproductive abilities), likely generating
statistical linkage, but genetic constraints have not yet been
considered.
(4) Case study: habitat fragmentation and the
genetic architecture of dispersal
To assess the importance of considering genetic architecture
when modelling eco-evolutionary dynamics of dispersal,
we present results from a genetically and spatially explicit
individual-based model used to investigate how the genetic
architecture of dispersal affects a population’s response
to habitat fragmentation. Specifically, we illustrate that a
population’s evolutionary response to habitat fragmentation
is slowed when a large number of loci with frequent smaller
mutations, as opposed to a small number of loci with fewer
larger mutation, are controlling a dispersal trait.
(a) The model
We modelled a spatially explicit landscape of 400 patches,
each with a carrying capacity of 30 individuals. Individuals
are hermaphroditic and generations are non-overlapping.
Each individual in a patch produces a number of offspring
drawn from a Poisson distribution with mean 3. These
offspring are each fathered by an individual randomly
drawn from the same patch. Selfing occurs with the same
probability as mating with any other individual. Individuals
have a diploid genome composed of L freely recombining loci
(L = 1, 2, 5, 10, 20, 40 loci) with continuous alleles, coding
for an individual’s probability of leaving the natal patch.
The individual’s genotype is calculated as the sum of the
2L allelic values. Phenotypic values are directly determined
by genotypes (heritability equals 1). The phenotypic value
of an individual gives the probability that the individual will
emigrate from its natal patch and therefore, while alleles
can assume any continuous value, phenotypic values are
constrained between 0 and 1. We assume no environmental
variance. To ensure that the initial phenotypic variance is
the same among simulations with varying numbers of loci
(L), we scale the distribution of allelic and mutational effects
by L. At initialization, individuals are assigned allelic values
drawn from a normal distribution with a zero mean and
standard deviation (σ a) that has been scaled according to the
number of loci,
σa = σ2L
where σ is the initial standard deviation equal to 0.5.
Offspring inherit their dispersal alleles from their parents
with a probability of mutation μ = 0.001 per allele per
generation. When a mutation occurs, it is sampled from the
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Fig. 1. Distribution of phenotypes for dispersal probability in the population prior to the fragmentation event, generation 49999,
for scenarios with one locus (A), 10 loci (B), and 40 loci (C).
same distribution as above and added to the existing allele
value.
Thus for small genomes, alleles have larger effects and
few large-effect mutations occur; for large genomes, alleles
have small effects and many small-effect mutations occur. If
an offspring disperses, it moves to one of eight neighbouring
cells with equal probability and a 0.05 chance of mortality.
Additional mortality is incurred by dispersing out of suitable
patches upon habitat fragmentation. After dispersal, the pool
of individuals in each patch is reduced to carrying capacity.
Density regulation is random with respect to an individual’s
genotype and results in patches filled to capacity when
enough individuals are present. The model initially runs for
50000 generations with 100% of patches suitable to ensure
equilibrium in emigration probability is reached. After this
time a sudden habitat fragmentation event occurs and the
proportion of suitable patches is reduced to 60%. Patches
that remain suitable are chosen at random. The model then
runs for a further 10000 generations.
(b) Findings
Prior to the fragmentation event the mean and variance of the
phenotypic distributions of dispersal probability are similar
between simulations with different numbers of loci (Fig. 1).
Despite this, the speed of the response to fragmentation
differs among simulations and this has associated effects
on the population sizes. In populations in which a large
number of loci control dispersal, emigration probability
evolves less quickly to low values, and there is typically a
smaller reduction in population size (Fig. 2). This is because
when dispersal probabilities take longer to decline, more
individuals disperse and thus recolonize empty suitable
patches despite the higher chance of dispersal mortality
due to the presence of unsuitable habitat.
These results highlight that the genetic architecture
underlying dispersal, even simply the number of loci
controlling dispersal traits, can have evolutionary and
ecological consequences for populations. In this case,
alternative monogenic and polygenic representations of the
genetic architecture of dispersal led to significant differences
in the rate of dispersal evolution, although the direction was
the same. There is clearly much scope for future work on
Fig. 2. (A) Evolution of dispersal and (B) total population size
after a fragmentation event, highlighted by the dashed line
at generation 50000. Lines represent the mean and shading,
when shown, represents the standard error of the mean of 30
replicates. L = number of loci.
the effect of genetic architecture on the evolution of dispersal
traits and their demographic consequences.
IV. CONCLUSIONS
(1) Our review of the empirical literature on the genetic
basis of dispersal shows that the available evidence is largely
skewed to a few groups of organisms, notably insects, birds
and plants. Overall, these studies show that dispersal often
has a genetic basis, that it has evolutionary potential in the
form of genetic variation, and that dispersal may evolve in
response to natural selection, sometimes even over relatively
short timescales. Dispersal, which is a complex process
involving departure, transfer and settling and is the outcome
of several interacting traits, appears to be polygenic, even
though genes of moderate to large effect may control certain
aspects of dispersal. Correlations among the multiple traits
determining dispersal, and among other life-history traits,
are still relatively poorly understood, even though they
might contribute to the evolution of dispersal syndromes,
and may constrain dispersal from evolving to its adaptive
optimum. Further, dispersal can be highly plastic and, as
a result, genetic variation for dispersal plasticity can lead
to environment-dependent genetic variation for dispersal.
We still lack understanding of the relative importance
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of plasticity versus allelic variation in influencing dispersal
phenotypes.
(2) Major unanswered empirical questions regarding the
genetic basis of dispersal include the degree to which dispersal
traits are correlated with each other and with other traits
under selection. This is especially important for a complex
process such as dispersal, which is likely to be determined
by diverse physiological, morphological, metabolic, and
behavioural traits, each of which may be exposed to
selection via processes other than dispersal. Another arena
for further empirical investigation is the environmental
dependence of the genetic architecture of dispersal. This
is important particularly if dispersal itself causes a change
in the environment that the organism experiences. Finally,
identification of specific genes underlying dispersal variation
in natural populations would provide access to resolving
important issues of dominance, epistasis, and allelic effects of
dispersal genes.
(3) Importantly, the potential roles of epigenetic
mechanisms underlying variation in dispersal are almost
unknown although such mechanisms can influence both the
context dependency of dispersal (i.e. the intragenerational
level) and the evolution of dispersal (i.e. the transgenerational
level). As environmentally sensitive molecular elements
causing phenotypic changes, epigenetic factors have the
potential to provoke rapid responses to environmental
changes. Therefore, ignoring the epigenetic architecture of
dispersal can bias predictions of both its evolution and
the dynamics of the response to environmental changes.
Either performed in nature or under controlled conditions,
future studies on the molecular bases of dispersal would
be particularly useful if they include parallel investigations
on the genetic and epigenetic architectures in predefined
environments. This would help to unravel the interactions
between the epigenetic and genetic determinants of dispersal
(and its correlated traits), and also help evaluate interactions
with the environmental context.
(4) Models describing the genetic basis of dispersal have
remained surprisingly simple. Hence, we do not know the
degree to which existing theory on dispersal evolution is
robust to the limiting assumptions made about the underlying
genetics, especially when considering transient and
eco-evolutionary dynamics. Further theoretical development
should look at how elements of the genetic architecture of
dispersal traits, such as number of loci and allelic effect
size, rate of recombination and linkage disequilibrium,
and non-additive allelic effects (dominance and epistasis),
will affect maintenance of additive genetic variation in
dispersal traits and their potential rate of evolution. Explicitly
considering genetic correlations among dispersal traits and
other traits under selection may be especially productive.
Addressing these gaps, and understanding the potential
for rapid dispersal evolution, is particularly important
in the context of non-equilibrium scenarios such as
ongoing habitat fragmentation, range expansion and shifts.
Especially in cases where eco-evolutionary feedbacks are
involved, genetic architecture might also affect the ultimate
evolutionary outcome in terms of evolutionarily stable
dispersal strategy. Theory that combines eco-evolutionary
dynamics with elements of genetic architecture is now
required to understand under what circumstances this might
occur.
(5) New empirical understanding on the genetic basis
of dispersal, together with novel genetically explicit
theory on dispersal evolution, will enable addressing
the challenge of incorporating dispersal evolution into
predictive models for forecasting species’ eco-evolutionary
responses to environmental changes. This will enable moving
towards more realistic quantitative predictions that might
ultimately inform effective species’ management under
ongoing environmental change.
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VIII. APPENDIX
GLOSSARY
additive genetic variation The variance in breeding values among individuals in a population (one component of the total
genetic variance; Nielsen & Slatkin, 2013)
animal model A linear mixed-effects model to partion phenotypic variance into additive genetic variance and other
sources of variance using relatedness between individuals as a random effects (Wilson et al., 2010)
candidate gene approach The study of genes that a priori are hypothesized to contribute to the gene’s functional impact on a
trait (Fitzpatrick et al., 2005)
dispersal Any movement of individuals or propagules that has potential consequences for gene flow across
space (Ronce, 2007)
dispersal syndromes Patterns of covariation of morphological, behavioural or life-history traits associated with dispersal
across species, populations or individuals (Stevens et al., 2014)
eco-evolutionary
feedback/dynamics
Occur when ecological and evolutionary dynamics reciprocally influence each other on a
contemporary timescale (Travis et al., 2014)
epigenetic inheritance Inheritance of gene expression patterns without altering the underlying DNA sequencing. The most
common mechanisms are DNA methylation and histone modification (Allis & Jenuwein, 2016)
epistatic/epistatis
interaction
Interaction between different alleles in different loci (Fox & Wolf, 2006)
environmental variation Differences among individuals in a population that are due to differences in the environments they
have experienced (Freeman & Herron, 2004)
genetic
covariance/correlation
A statistical measure of the degree to which two characters vary together at the genetic level; when
standardized it is known as correlation (Roff, 2002)
genetic architecture A description of the number of genes, effect size of genes, interactions among genes or, if segregating
polymorphisms are regulatory or structural, that influence a phenotypic trait (Schielzeth &
Husby, 2014)
genetic variance Differences among individuals in a population that are due to differences in genotype (Freeman &
Herron, 2004). Three major components: additive genetic variance, dominance variance and
epistatic variance
genome-wide association
study (GWAS)
A study that is designed to find a non-random association between marker loci spread throughout
the genome and a phenotypic trait (Nielsen & Slatkin, 2013)
genotype–environment
(G × E) interaction
Differences in the effect of the environment on the phenotype displayed by different genotypes
(Freeman & Herron, 2004)
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linkage disequilibrium Non-random association between alleles at different loci on a chromosome (Freeman & Herron,
2004)
narrow-sense heritability
(h2)
Proportion of the total phenotypic variance explained by additive genetic variance (V A/V P;
Freeman & Herron, 2004)
oligogenic When few genes are responsible for the major heritable changes in the phenotype (Barton et al., 2007)
phenotypic variation The variance in phenotypes among individuals in a population (Nielsen & Slatkin, 2013). Composed
of genetic and environmental variance
polygenic When a trait is influenced by many genes of individually small effect (Barton et al., 2007)
pleiotropy When a single locus influences multiple phenotypes (Fitzpatrick et al., 2005)
quantitative trait locus
(QTL)
A region in the genome that contains one or several genes that contribute to a quantitative trait
(Fitzpatrick et al., 2005)
reaction norm Depicts the manner in which a genotype responds to the environment; can be continuous or not
(Roff, 2002)
single-nucleotide
polymorphism (SNP)
Alteration of a single nucleotide that occurs at a specific position in the genome, found in at least 1%
of the population (Fox & Wolf, 2006)
trait Morpho-physio-phenological features of an organism which impact fitness indirectly via their effects
on growth, reproduction, survival and dispersal (Violle et al., 2007)
transgenerational
effect/parental effects
Variation among individuals due to variation in non-genetic influences exerted by their parents or
grandparents (Nielsen & Slatkin, 2013)
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